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The 12 half-cystines of NS1 proteins are absolutely
conserved among flaviviruses, suggesting their impor-
tance to the structure and function of these proteins. In
the present study, peptides from recombinant Dengue-2
virus NS1 were produced by tryptic digestion in 100%
H2
16O, peptic digestion in 50% H2
18O, thermolytic diges-
tion in 50% H2
18O, or combinations of these digestion
conditions. Peptides were separated by size exclusion
and/or reverse phase high performance liquid chroma-
tography and examined by matrix-assisted laser desorp-
tion ionization-time of flight mass spectrometry, matrix-
assisted laser desorption ionization post-source decay,
and matrix-assisted laser desorption ionization tandem
mass spectrometry. Where digests were performed in
50% H2
18O, isotope profiles of peptide ions aided in the
identification and characterization of disulfide-linked
peptides. It was possible to produce two-chain peptides
containing C1/C2, C3/C4, C5/C6, and C7/C12 linkages as
revealed by comparison of the peptide masses before
and after reduction and by post-source decay analysis.
However, the remaining four half-cystines (C8, C9, C10,
and C11) were located in a three-chain peptide of which
one chain contained adjacent half-cystines (C9 and C10).
The linkages of C8/C10 and C9/C11 were determined by
tandem mass spectrometry of an in-source decay frag-
ment ion containing C9, C10, and C11. This disulfide
bond arrangement provides the basis for further refine-
ment of flavivirus NS1 protein structural models.
Globally, Dengue virus is an important human pathogen,
with perhaps half of the world’s population geographically at
risk of infection, and with an estimated 50–100 million new
infections, 500,000 hospitalizations, and 25,000 deaths annu-
ally (1–5). Dengue virus belongs to the flavivirus genus, one of
three genera within the Flaviviridae family of viruses, which
include pestiviruses and hepaciviruses (6). Flavivirus virions
consist of a single positive stranded RNA genome of11 kb (7).
Flavivirus RNA encodes a single large polypeptide NH2-C-prM-
E-NS1-NS2A-NS2B-NS3-NS4A-NS5-COOH (7), which is co-
translationally and post-translationally processed into mature
viral proteins (7). The RNA is encapsidated within an icosahe-
dral core of capsid (C)1 proteins (8, 9), and further enveloped in
a host cell-derived lipid bilayer studded with membrane and
envelope glycoproteins (10). The remaining proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are non-structural
and are involved in various aspects of viral replication (7).
Flavivirus NS1 proteins exhibit a high degree of sequence
homology (11), and contain no amino- or carboxyl-terminal
membrane anchoring sequences (12, 13). However, the precise
roles of NS1 in the flavivirus life cycle remain unclear. Imma-
ture NS1 exists as a hydrophilic monomer in the endoplasmic
reticulum lumen, and is rapidly processed into a stable hydro-
phobic non-covalent homodimer, with the subunits interacting
via their carboxyl termini (14, 15). NS1 exists predominantly in
the dimeric form, which is associated with intracellular and cell
surface membranes (16). A component of this cell surface asso-
ciation has been shown to be covalently linked via a glyco-
sylphosphatidylinositol anchor (17). NS1 is also secreted from
infected cells as a soluble, detergent-labile hexamer (18, 19).
Maturation of NS1 involves N-linked glycosylation with Den-
gue virus NS1 from all four serotypes containing two conserved
N-linked glycosylation sites. When expressed in mammalian
cells the cell-associated form has both of these sites occupied by
high mannose moieties, whereas the secreted form comprises
complex glycans on one site (implying post-translational glycan
processing in the Golgi) with the other remaining in a high
mannose form. Other flavivirus NS1 proteins may contain an
additional occupied site (14, 16). Glycosylation of NS1 contrib-
utes to dimer stability and resultant membrane association
because of increased hydrophobicity of the dimer (14, 20). Mu-
tation of glycosylation sites has been shown to reduce viral
RNA production and attenuate neurovirulence, suggesting a
role for glycosylated NS1 dimers in viral RNA replication (20–
25). NS1 dimers have been shown to interact with a number of
other non-structural viral proteins and, via this association,
with the viral RNA, and may be involved in assembly of the
viral replicase complex and its localization to cytoplasmic mem-
branes (23, 26–28). NS1 also induces a protective host immune
response, however, anti-NS1 antibodies do not function in a neu-
tralizing capacity as NS1 is not present in flavivirus virions. It is
likely that antibodies targeted to cell surface-associated NS1
potentiate complement mediated lysis of infected cells (29).
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The importance of NS1 to the flavivirus life cycle and im-
mune response makes it an attractive target for development of
immune-based and structure/function-based antiviral thera-
peutics. Mature Dengue virus NS1 contains 352 amino acid
residues in a base polypeptide of 40 kDa, with glycosylation
increasing the apparent mass of the protein on SDS-PAGE (30).
Dengue virus NS1 contains 12 cysteine residues that are abso-
lutely conserved among all flavivirus NS1 proteins (7, 31, 32),
indicating their importance to the structure and function of the
protein. The ability to form intramolecular disulfide linkages,
particularly in the carboxyl terminus of the protein, appears to
be crucial for NS1 dimer formation and subsequent trafficking
within and secretion from the cell (21). Disulfide-bonded NS1
monomers form non-covalent dimers that are stable to reduc-
tion but can be dissociated by heating, indicating that disulfide
bonds are required to stabilize the structure of NS1 monomers
for them to initially associate as dimers, but are not required
for subsequent dimer stability (21). In the absence of crystal-
lographic data, the disulfide bond configuration and glycosyla-
tion pattern may provide valuable information on protein
folding and hence facilitate refinement of molecular models
(33, 34).
The disulfide linkage arrangement of the NS1 protein of the
related Murray Valley encephalitis (MVE) flavivirus has been
partially described (35) by a combination of tryptic cleavage,
reverse phase high performance liquid chromatography
(rpHPLC) to isolate tryptic disulfide-linked peptides, and pep-
tide analysis by Edman protein sequencing and/or electrospray
ionization mass spectrometry (ESI-MS). Using this technique,
the disulfide linkage pattern of the 6 half-cystines from the
amino terminus of MVE NS1 was determined to be C1/C2,
C3/C4, and C5/C6. The disulfide linkage pattern of the 6 half-
cystines from the carboxyl terminus was not determined, be-
cause of the lack of amenable tryptic cleavage sites in this
region of the protein, and a consequent inability to obtain
disulfide-linked tryptic peptides.
Similar approaches were used in this study to confirm that
the 3 amino-terminal disulfide linkages of Dengue virus NS1
were the same as for MVE NS1. In addition, pepsin and ther-
molysin were used to overcome the resistance of the carboxyl-
terminal half of NS1 to tryptic digestion. Recombinant Den-
gue-2 virus NS1 was digested with these enzymes in buffers
containing 50% H2
18O to identify disulfide-linked peptide ions
during mass spectrometry (MS), by virtue of their characteris-
tic isotope profiles (36, 37). Disulfide-linked peptides were iso-
lated by size exclusion HPLC (secHPLC), further purified
where necessary by capillary HPLC (capHPLC), and analyzed
by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS), matrix-assisted laser
desorption ionization post-source decay (MALDI-PSD), and
matrix-assisted laser desorption ionization tandem mass spec-
trometry (MALDI-MS/MS). Together these data confirmed the
previously determined disulfide linkages of the NS1 amino
terminus and allowed determination of the remaining carbox-
yl-terminal disulfide linkages. These techniques enabled the
definition of the complete disulfide linkage arrangement of
Dengue virus NS1 and will contribute to the refinement of
molecular models of this important protein.
EXPERIMENTAL PROCEDURES
Reagents
All reagents used in this study were of analytical or HPLC grade.
Plasmid Constructs
Generation of Baculovirus Shuttle Vector Encoding NS1—C6/36 in-
sect cells were infected with Dengue-2 virus strain PR159 at a multi-
plicity of infection of 1.0 and incubated at 32 °C for 3 days. Infected cell
RNA was then extracted with RNazol B (Tel-Test Inc.) according to the
manufacturer’s instructions. cDNA was generated from this infected
cell RNA extract using the NS1RBglII reverse primer 5-ATTAGATCT-
CAGGCTGTGACCAAGGAGTTGAC-3 (restriction sites are under-
lined), which was then used as template in a PCR employing this
primer and NS1FBglII, 5-ATTAGATCTCGGATAGTGGTTGCGTTGT-
GAGC-3. The resulting PCR product comprised the full-length NS1
sequence flanked by BglII sites for cloning into the baculovirus shuttle
vector pVTBac.His (generated and kindly provided by Dr. A. Khromykh).
Cloning into the BglII site of this vector results in the expression by the final
recombinant baculovirus of a fusion protein comprising a melittin signal
sequence followed immediately by a 6-histidine tag and then the cloned
insert. Such fusion proteins are targeted to the endoplasmic reticulum of
infected insect cells for secretion as NH2-terminal His-tagged species. The
PCR product was digested with BglII and ligated into BglII cut pVTBac.His.
Selected recombinants were analyzed by automated sequence analysis to
confirm correct orientation and sequence.
Generation of Recombinant Baculovirus, and Expression and Purifi-
cation of NS1—The pVTBac.His.NS1 shuttle vector was co-transfected
with linearized (digested with Bsu36I) BacPak6 DNA (Clontech) into
Spodoptera frugiperda (Sf9) cells according to the manufacturer’s in-
structions. Recombinant baculoviruses liberated into the culture media
were isolated by plaque analysis and blue-white selection using 5-bro-
mo-4-chloro-3-indolyl--D-galactopyranoside (X-gal). Several plaque
picks were amplified in culture and expression of NS1 assessed by
immunoblot analysis using NS1-specific monoclonal antibodies with the
final selected recombinant designated AcHis.D2.NS1. For high level
recombinant protein expression, multiple 800-ml suspension cultures of
HIGH FIVE (Invitrogen, Australia) cells in 2-liter flasks and at an
initial concentration of 2  106 cells/ml were infected with
AcHis.D2.NS1 virus at a multiplicity of infection of 1.0. Cells were
grown in Hyclone HyQ SFX (Hyclone) serum-free insect cell media at
28 °C and shaken at 120 rpm on an orbital shaker. The cells were
harvested and collected by centrifugation at 4,000  g at 4 °C. Super-
natant containing the secreted recombinant NS1 protein was filtered
through a 0.2-m Millipore filter unit (Millipore, Australia) at room
temperature. The flow-through was then subjected to ultrafiltration
and buffer exchange through two Vivaflow200 (Sartorius, Australia)
units at room temperature. Final concentration and buffer exchange
reduced the original harvest volumes that were in excess of 2 liters to 50
ml in a buffer comprising 1 mM imidazole, 0.15 M NaCl, and 20 mM Tris,
pH 8.0. This concentrate was applied to a 2-ml nickel-nitrilotriacetic
acid (Qiagen) column at a flow rate of 0.5 ml/min. The column was
washed with 20 mM imidazole, 0.15 M NaCl, 20 mM Tris, pH 8.0, and
then eluted with 100 mM imidazole, 0.15 M NaCl, and 20 mM Tris, pH
8.0, at room temperature. Elution fractions were analyzed for purity by
15% SDS-PAGE, pooled, and concentrated through a Centricon spin
column. The yield of purified AcHis.D2.NS1 was routinely 1 mg/liter.
Fast Protein Liquid Chromatography (FPLC)
Pooled fractions of nickel-nitrilotriacetic acid-purified NS1 were con-
centrated by Vivaspin with 50-kDa molecular mass cut-off (Sartorius,
Germany) at room temperature and passed through a 0.2-m filter
before loading onto a Superdex 200 HR 10/30 column (Amersham Bio-
sciences) linked to an A¨KTATM FPLCTM system (Amersham Bio-
sciences). FPLC was performed in 20 mM Tris, 0.15 M NaCl, pH 8, with
a flow rate of 0.6 ml/min at 4 °C. The column was calibrated in a
separate run using High and Low FPLCTM standard molecular masses
of 440, 232, 67, 43, 25, and 13.7 kDa (ferritin, catalase, bovine serum
albumin, chymotrypsinogen A, and ribonuclease A, respectively, from
Amersham Biosciences). The elution profile data were collected and
analyzed by UNICORNTM version 2.31 (Amersham Biosciences). A
standard plot was obtained by plotting the diffusion constant Kav, which
was calculated from the equation Kav (elution volume void volume)/
(column bed volume void volume), versus log Mr (relative weight). The
standard curve was computed using EXCELTM (Microsoft) and a stand-
ard formula was generated as log Mr  3.2991  (Kav)  3.2041. The
elution volume for NS1 in this column was 11.53 ml, which was used to
obtain a Kav  0.2404 and an Mr of 257,600.
Antibody Binding Assays
The secreted recombinant NS1 was assayed against an extended
panel of both linear sequence and conformational specific monoclonal
antibodies (38). Each binding experiment was done in triplicate and the
volume used per well was 50 l. Immulon 4 microtiter plates were
coated with 0.01 mg/ml Protein A (Pharmacia) in coating buffer over-
night at 4 °C. After washing the plates with 0.05% Tween 20 in phos-
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phate-buffered saline (PBST), 150 l of blocking solution of 1% gelatin
in phosphate-buffered saline (PBS) was added to each well and left at
room temperature for 1 h. The plates were washed with PBST and then
0.018 mg/ml rabbit anti-mouse IgG (H&L) in PBST, 0.25% gelatin was
allowed to bind to the Protein A for 1 h at 37 °C. Following four washes
with PBST, relevant monoclonal antibodies (diluted 1/100 in PBST,
0.25% gelatin) were added and incubated at 37 °C for 1 h. After remov-
ing monoclonal antibodies and washing, immunoaffinity purified 35S-
labeled NS1 (2,000 cpm/well) in PBST, 0.25% gelatin was added to the
plate and incubated at 37 °C for 1 h. The plate was then washed four
times with PBST, and disruption solution (2% SDS, 1% 2-mercaptoeth-
anol in SDS-PAGE sample buffer) was added to each well. After 10 min
incubation at room temperature the disruption solution was removed
individually from each well, added to 1.0 ml of scintillation fluid (Op-
tiphase HiSafe II, Wallac), and counted in a scintillation counter (Am-
ersham Biosciences).
Proteolytic Digestions
Trypsin Digestion—100 g of NS1 was co-precipitated with 2 g of
trypsin (Roche modified sequencing grade) by addition of 10 volumes of
methanol at 20 °C, and incubation at 20 °C overnight. The precipi-
tate was pelleted by centrifugation at 12,000  g for 10 min at 4 °C in
a microcentrifuge, air dried, resuspended in 20 l of freshly prepared
100 mM ammonium bicarbonate, pH 8.0, in H2
16O, and incubated for 2 h
at 37 °C. An additional 3 g of trypsin was then added, to give a final
trypsin:NS1 ratio of 1:20 (w/w), and the reaction incubated for a further
3 h at 37 °C. Digestion was terminated by storage at 20 °C. Tryptic
subdigestions of isolated peptides were performed by resuspending
dried peptides in 20 l of 100 mM ammonium bicarbonate in H2
16O
containing trypsin at 5 ng/l, and incubating at 37 °C for 3 h.
Pepsin Digestion—100 g of NS1 was precipitated by addition of 10
volumes of methanol at 20 °C, and incubation was at 20 °C over-
night. The precipitate was pelleted and air dried as described above,
and resuspended in 20 l of buffer containing 100 mM formic acid, 100
mM acetic acid, 1 g of pepsin (Sigma number P6887) and H2
18O (97%,
Enritech, diluted to give a final concentration of 50% (v/v)). Digestion
was conducted at 37 °C for 3 h and terminated by storage at 20 °C or
immediate secHPLC as described below.
Thermolysin Digestion—100 g of NS1 was precipitated, pelleted,
and air dried as described above, and resuspended in 20 l of buffer
containing 100 mM ammonium bicarbonate, pH 8, 10 mM CaCl2, 5 g of
thermolysin (Roche number 161586) and H2
18O at a final concentration
of 50% (v/v). Digestion was conducted at 65 °C for 2 h, and terminated
by storage at 20 °C.
HPLC
All peptide chromatography was performed on Agilent 1100 liquid
chromatography systems running Chemstation software, with peptide
absorbance monitored at 214 nm.
SecHPLC was performed using a 3.2 mm  30-cm Superdex Peptide
column (Amersham Biosciences). Peptides were separated over 90 min
in 0.05% (v/v) aqueous trifluoroacetic acid in 6% (v/v) aqueous acetoni-
trile at 30 l/min.
Peptides were separated by rpHPLC using a 90-min gradient from
0.05% (v/v) aqueous trifluoroacetic acid to 0.045% (v/v) trifluoroacetic
acid in 80% (v/v) aqueous acetonitrile. Flow rates of 40 and 5 l/min
were used where rpHPLC was performed using a 1 mm  25-cm C18
column (Vydac) and 0.5 mm  15-cm C18 capHPLC column (Zorbax),
respectively. A constant temperature of 25 °C was used for capHPLC.
To prevent unwanted exchange of 18O from labeled peptides with aque-
ous buffers, collected peptides were immediately freeze dried following
chromatography using a centrifugal evaporator (Heto) and stored dried
at 20 °C.
Mass Spectrometry
MALDI-TOF-MS—Reduced and non-reduced samples were analyzed
using a Bruker Reflex MALDI-TOF mass spectrometer in positive ion
reflector mode. Data were acquired and analyzed using the Bruker
XMass suite of software as described previously (39). 2,6-Dihydroxyace-
tophenone (DHAP, Fluka)/diammonium hydrogen citrate (Fluka) ma-
trix was prepared as described previously (39). Samples were diluted
1:5 in 33% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid prior to
analysis. 1–2 l of diluted sample was mixed with an equivalent volume
of matrix, 1 l deposited on a Bruker Scout 26 MALDI target, and
allowed to air dry for 10 min before analysis. Peptides were reduced
with Tris(2-carboxyethyl)phosphine (TCEP, Pierce) and analyzed using
a previously described modification of the DHAP/diammonium hydro-
gen citrate protocol (34, 39).
MALDI-PSD—Analysis was performed using the Bruker Reflex
mass spectrometer and samples were prepared in -cyano-4-hydroxy-
cinnamic acid (CHCA) matrix essentially as described previously (40,
41). Variation to the previously described procedures involved use of a
100-ns delay before extraction of ions from the source, and data acqui-
sition using a 2 GHz digitizer.
MALDI-MS/MS—Analysis was performed using a Q-STAR XL hy-
brid Quadrupole quadrupole (Qq)-TOF-MS equipped with an O-MALDI
2 source (Applied Biosystems MDS Sciex). All samples were dissolved in
50% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid and crystallized
with CHCA matrix (Agilent) by spotting 0.5 l of matrix  0.5 l of
sample and allowing air drying at ambient temperature. TOF-MS data
were acquired in the mass range of 1000–4000 atomic mass units. The
mass spectrometer was calibrated using Glu-fibrinopeptide B in MS/MS
mode. Subsequent MS and MS/MS data on the samples were acquired
using external calibration. In this external calibration mode 30 ppm
or better mass accuracy was obtained with mass spectrometer resolu-
tion of10,000. The O-MALDI 2 source is equipped with a N2 laser that
was operated at 7–8 J. The same laser power (energy) was used for MS
and MS/MS experiments. MS/MS data were acquired with slightly open
resolution (about 4-atomic mass unit wide open window for precursor
selection in Quadrupole 1) to allow transmission of all the isotopes of
the high mass peptide (2858 atomic mass units) for fragmentation. The
collision energy (Q0 RO2) used varied depending on peptide mass and
was 90 eV for the peptide at 2858 atomic mass units, 75 eV at 1700
atomic mass units, and around 70 eV at 1500 atomic mass units.
Acquisition time (specified as accumulation time in the software) for
one spectrum was 1 s for MS and MS/MS, and all the data were
acquired in MCA mode (multiple channel addition or summed spectra)
over a period of 30 s to 2 min. Analyst QS software was used for all the
data acquisition software. Under the normal operating conditions of the
O-MALDI 2 source, very little in-source fragmentation of tryptic pep-
tides is observed. In this case of disulfide-linked peptides some in-
source fragmentation did occur and can be seen in MS spectra. Most of
the disulfide-linked peptide remained intact for MS/MS analysis. For
MS/MS/MS experiments slightly higher laser power (8–9 J) was used.
Because of the orthogonal nature of this TOF instrument use of higher
laser power has no effect on instrument resolution or mass accuracy.
Sequence Analysis and Disulfide Linkage Nomenclature
Peptide and fragment ion masses were localized to the NS1 sequence
using PAWS freeware version 8.4 (Proteometrics), and Bioanalyst (Ap-
plied Biosystems) software. The 12 half-cystines of NS1 are indicated as
C1 to C12 (starting from the amino proximal half-cystine), with inter-
chain disulfide linkages indicated with a forward slash, C3/C4, C5/C6,
and so on (34). Brackets are used to indicate that alternative disulfide
linkages were possible. C8/[C9,C10]/C11 thus indicates a three-chain
peptide where separate peptides containing C8 and C11 are linked to a
peptide containing C9 and C10, although the exact disulfide linkage
pattern is not defined.
RESULTS
Preliminary Analysis of NS1—When purified recombinant
Dengue-2 virus NS1 used in this study was analyzed by gel
filtration FPLC (Fig. S1A, Supplementary Materials), it eluted
with an apparent Mr of 257,600, consistent with monomers of
Mr 43,000 (Mr 40,000 base polypeptide plus glycans) associat-
ing as a hexamer. Examination of this material by electron
microscopy showed 12-nm particles identical to those of native
NS1 hexamers (data not shown). Subsequent analysis of hex-
americ recombinant NS1 by reducing SDS-PAGE, showed it to
migrate with an apparent Mr of 85,000 (Fig. S1B, Supple-
mentary Materials). This is consistent with dissociation of the
hexamers to a stable dimeric form of NS1, and indicated that
the component monomers of the dimer interacted via a mech-
anism that was unaffected by reducing conditions at room
temperature. A number of fainter lower molecular weight spe-
cies were also observed by SDS-PAGE. Analysis of these bands
by in-gel tryptic digestion and MALDI-TOF-MS (data not
shown) yielded peptides corresponding to the NS1 sequence
from the Mr 85,000 species and a lower molecular weight spe-
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cies of Mr 66,000. The species at approximately Mr 45,000 and
Mr 40,000 failed to yield NS1 peptides, and apparently repre-
sented low-level contaminants. Boiling of the NS1 prior to
analysis by SDS-PAGE caused the apparent dissociation of the
dimer (data not shown), in agreement with other observations
of the heat lability of NS1 dimers (15). In addition to being
hexameric, secreted recombinant NS1 reacted with an ex-
tended panel of both linear sequence and conformational spe-
cific monoclonal antibodies (Fig. S1C, Supplementary Materi-
als), in an equivalent manner to its native counterpart (38).
The NS1 with the characteristics described above was used in
the subsequent analyses without any further purification.
C3 Is Linked to C4—NS1 was digested with trypsin in 100%
H2
16O, and the resultant peptide mixture was separated by
rpHPLC. Individual rpHPLC fractions were collected, and ex-
amined by MALDI-TOF-MS in both non-reduced form and
after reduction with TCEP. Only one fraction yielded data that
could be reconciled with a defined disulfide linkage.
A peptide that eluted at 58 min was observed by MALDI-
TOF-MS as a series of ions of average m/z  5199.0–5402.2–
5605.3–5770.2 (Fig. 1A) in an non-reduced form. The mass
spacing of m/z  203–203 was indicative of a glycopeptide
containing varying numbers of N-acetylhexosamine (Mr  203)
sugars. The m/z  165 spacing is not indicative of any obvious
glycosylation event, with hexose sugars such as mannose (Man)
having the closest comparable Mr of 162. Following reduction,
this ion series was replaced with a series of average m/z 
4117.3–4320.6–4523.7–4688.8, with the same peptide spacing
of 203–203-165, and a single ion of m/z  1084.4 (Fig. 1B).
These data are consistent with tryptic peptide Ala59-Arg68 (C3),
with a calculated monoisotopic MH of 1084.52, disulfide-
linked to Met133-Arg158 (C4), and are in agreement with the
C3/C4 pairing reported for MVE NS1. Met133-Arg158 spans the
first NS1 glycosylation site, and is the only cysteinyl glycopep-
tide expected from tryptic cleavage of Dengue-2 virus NS1.
Production of cysteinyl glycopeptides spanning the second gly-
cosylation site at Asn217 would have required several missed
tryptic cleavages resulting in peptides with masses greater
than 4000. Unglycosylated Met133-Arg158 has a calculated
MH of 2931.35. Occupancy of the N-linked glycosylation site
of this peptide with a core glycan structure (HexNAc)2Man3
would yield a peptide with a calculated MH of 3823.40. A
peptide at this m/z was not observed, however, addition of 2
fucose (Fuc) residues would produce a peptide with a calculated
monoisotopic MH of 4115.41 (average mass 4117.9), in rea-
sonable agreement with the observed peptide of average m/z 
4117.0. Additional GlcNAc and Man residues would contribute
to the observed peptide spacings. This proposed glycan struc-
ture is consistent with known core and antennary fucosylation
of glycoproteins produced by baculovirus-infected insect cells
(42).
C5 Is Linked to C6—NS1 was digested with pepsin in 50%
H2
18O and the peptides separated by secHPLC (Fig. S3, Sup-
plementary Materials). Eight individual secHPLC fractions
were collected and analyzed by MALDI-TOF-MS. Potential
disulfide-linked peptide ions were identified in non-reduced
fractions by virtue of their characteristic mass spectrometric
isotope profiles (36, 37), and their disulfide-linked status was
confirmed by their disappearance following TCEP reduction. A
number of putative disulfide-linked peptides were observed in
secHPLC fractions 2, 3, and 5.
An ion was observed at m/z  2859.2 in secHPLC fraction 2
with a MALDI-TOF-MS isotope profile consistent with it being
a two-chain disulfide-linked peptide. This peptide was further
purified by capHPLC (Fig. 2A), and was susceptible to reduc-
tion, yielding peptide ions at m/z 1422.4 and 1439.5 (Fig. 2B).
This behavior was consistent with the assignment Leu181-
Lys199 (C5) with a calculated MH of 1439.69 linked to Val230-
Leu241 (C6), with a calculated MH of 1422.72. This linkage
was confirmed by MALDI-PSD analysis (Fig. 3). Limited pep-
tide bond fragmentation was evident by PSD, however, strong
peaks were observed that represented two overlapping ion trip-
lets with intratriplet spacings of m/z  32. These data were
consistent with symmetrical and asymmetrical fragmentation
of the disulfide bond between the two peptide chains observed
by the reduction of the parent peptide (Fig. 2). The peptide
bond fragment ions of approximate m/z  657, 2205, 2515, and
2747 supported this assignment.
An ion observed at m/z  2374.0 from secHPLC fraction 3
also displayed an isotope profile indicative of a disulfide-linked
peptide (Fig. S3A, Supplementary Materials). This peptide was
purified by capHPLC and upon reduction yielded two product
FIG. 1. MALDI-TOF-MS analysis of
disulfide-linked tryptic C3/C4 glyco-
peptide. The fraction that eluted at 58
min during rpHPLC of 100% H2
16O tryp-
tic digest of NS1 was analyzed by MALDI-
TOF-MS using DHAP matrix before (A)
and after (B) reduction with TCEP. The
non-reduced ion series of interest and the
sequence and putative glycan structure
corresponding to the C3/C4 glycopeptide
are indicated. f, N-acetylglucosame; ,
mannose; Œ, fucose.
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ions at m/z 1664.7 and 712.2 (Fig. S3B, Supplementary Mate-
rials). Two possible linkage assignments were calculated that
would produce similar observed parent/daughter ions: Ile9-
Leu23 (C1), MH  1664.82, linked to Lys24-Phe30 (C2), MH 
711.34; or Phe188-Leu193 (C5), MH  712.33, linked to Ile228-
Leu241 (C6), MH  1664.85. PSD of this ion yielded a low
intensity 32 m/z spaced triplet series centered around an ion of
approximate m/z  1666 (Fig. S4, Supplementary Materials).
This appeared to confirm the disulfide-linked peptide status,
and other fragmentation events were observed that suggested
fragmentation from the Ile228-Leu241 peptide chain (Fig. S4,
Supplementary Materials). Because both potential peptide as-
signments contained sites for tryptic cleavage, the m/z 
2374.0 peptide was further digested with trypsin, analyzed by
MALDI-TOF-MS (Fig. S5, Supplementary Materials) and the
resulting peptides compared with expected theoretical tryptic
peptides. Tryptic subdigestion of this disulfide-linked peptide
would theoretically yield a peptide consisting of Phe188-Leu193
(C5) linked to Ser232-Lys237 (C6), with a calculated MH of
1466.66. The strong presence of a peptide at m/z  1466.6
supported the assignment that the m/z  2374.0 peptide ion
contained the C5/C6 linkage. The isotope profiles of the pep-
tides were consistent with the two-chain parent peptide with
18O incorporation at both carboxyl termini losing one of the
18O-labeled termini following trypsin digestion.
C8 Is Linked to C10, C9 Is Linked to C11—Surprisingly,
secHPLC fraction 5 of the above peptic digest of NS1 in 50%
H2
18O contained a series of relatively large peptides at m/z 
2510.7–2639.7–2740.8–2839.8–2938.9 (Fig. 4A), all with simi-
lar isotope patterns characteristic of disulfide-linked peptides.
The presence of these higher mass peptides in a later eluting
secHPLC fraction suggested that the peptides were in a highly
compact conformation because of extensive disulfide linkages,
which decreased their hydrodynamic volume and thus in-
creased their retention time. Interaction between the peptides
and the secHPLC matrix may also have contributed to the later
elution time, although secHPLC was performed in 6% acetoni-
trile to reduce hydrophobic interactions. The m/z differences
between these peptides of 129.0–101.1–99.0–99.1 correspond
to a sequence tag of ETVV, resulting from ragged peptic cleav-
age. This sequence occurs in the NS1 sequence as 296VVTE299,
which indicated that the observed peptide peaks represented
cleavage variants of the same disulfide-linked peptide contain-
ing this amino-terminal sequence on one peptide chain.
Attempts to separate the components of this peptide series
by capHPLC were not successful. Confirmation of the disulfide-
linked peptide status was therefore achieved by reduction of
the secHPLC peptide mixture to yield a single intense MALDI-
TOF-MS peak at m/z  1597.4, which displayed an isotope
profile of a single chain peptide with 18O incorporation at one
terminus only (Fig. 4B). The most likely sequence assignment
for this peptide is Trp321-Tyr333 (C9, C10, and C11), with cal-
culated MH  1597.74. No ions representing the complemen-
tary daughter peptide series resulting from the ragged peptic
cleavage of the other peptide chain were observed (Fig. 4B).
The most likely sequence assignments for the expected comple-
mentary daughter peptide ion series were: Asp300-Leu308 (C8),
MH  918.40; Glu299-Leu308 (C8), MH  1047.49; Thr298-
Leu308 (C8), MH  1148.49; Val297-Leu308 (C8), MH 
1247.56; and Val296-Leu308 (C8), MH  1346.63.
MALDI-PSD (Fig. 5) of the m/z 2510.7 and 2639.7 peptides
in both cases resulted in a triplet of peaks of approximate m/z
1563–1595-1628, corresponding to the oxidized form of Trp321-
Tyr333 (C9, C10, C11). In addition to these common fragments,
the 2510.74 and 2639.73 parents yielded 32 m/z spaced triplets
centered around m/z  918 and 1048, respectively. These data
FIG. 2. MALDI-TOF-MS analysis of putative disulfide-linked peptic C5/C6 peptide. A peptide isolated from a peptic digest of NS1 in 50%
H2
18O by capHPLC of secHPLC fraction 2 was analyzed by MALDI-TOF-MS using DHAP matrix before (A) and after (B) reduction with TCEP.
The non-reduced parent ion, reduced daughter ions, and the sequence corresponding to the non-reduced C5/C6 peptide are indicated. Asterisks
indicate polymer contaminants in the sample, which were derived from the microcentrifuge tubes used.
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were consistent with symmetrical and asymmetrical disulfide
bond cleavage, in confirmation of the disulfide-linked peptide
status and in agreement with the theoretical and observed
reduction data. Assuming that 2 of the 3 cysteines in the
Trp321-Tyr333 (C9, C10, C11) peptide formed an intrachain
disulfide link as well as the interchain link to C8, the calcu-
lated MH of the resulting disulfide-linked peptides is 2511.14
and 2640.23. Had the cysteine residues been unpaired, the
masses of the resultant peptides would have been observed at
2 atomic mass units higher.
The closeness of the observed and theoretical peptide masses
indicated that the 3 cysteine residues in the sequence of
321WC9C10RSC11TLPPLRY
333 were all involved in disulfide
bonds, therefore additional analysis was required to determine
which were involved in intrachain and which were involved in
interchain bonds. Conformational constraints would prevent a
linkage between the adjacent C9 and C10 residues. The two
possible linkages representing the observed peptides were
therefore either C8/C9, C10/C11 or C8/C10, C9/C11. Differen-
tiating between the two conformations required cleavage be-
tween C9 and C10. To facilitate this process the peptides were
subjected to tryptic cleavage to convert them from two-chain
peptides, in which one chain contained an internal disulfide
loop, to three-chain peptides with C9 and C10 on one peptide
chain. These three-chain peptides were all expected to contain
a variable length A-chain containing C8, linked to a central
WC9C10R B-chain, which is also linked to the SC11TLPPLRY
C-chain (Fig. S6, Supplementary Materials).
Tryptic digestion of secHPLC fraction 5 in 100% H2
16O pro-
duced peptides with masses and isotope profiles consistent
with conversion of the m/z  2510.7–2938.9 series of peptides
to three-chain peptides (Fig. S6, Supplementary Materials). It
was evident that peptides were consistently cleaved between
C10 and C11, to yield three-chain peptides with 18O incorpo-
ration at the termini of the A- and C-chains because of the
original peptic digests in 50% H2
18O. Where cleavage also
occurred at the arginine residue on the A-chain an additional
population of three-chain peptides with 18O incorporation only
at the carboxyl terminus of the C-chain was produced. The
observed m/z of the cleavage products of the m/z  2510.7
peptide (two-chain, two 18O) were 2529.1 (three-chain, two 18O)
and 2175.0 (three-chain, one 18O), which corresponded well to
the calculated MH of 2511.14 (two-chain, two 18O) cleaved to
2529.14 (three-chain, two 18O) and 2174.94 (three-chain, one
18O). These cleavage product masses would be generated re-
gardless of whether C9 or C10 was involved in the initial
interchain linkage. Expected three-chain cleavage products
were observed for all of the peptides in the m/z  2510.7–
2838.9 series, providing additional evidence supporting the
initial assignments for these peptides.
Initial attempts to fragment these tryptic peptides by ESI-
MS/MS were not successful. In common with their peptic par-
ent peptides, they could not be individually purified by capH-
PLC. Furthermore, their nanoelectrospray ionization behavior
was not conductive to acquisition of ESI-MS and ESI-MS/MS
spectra (data not shown). Because the peptides had been shown
FIG. 3. MALDI-PSD analysis of the putative disulfide-linked peptic C5/C6 peptide. The non-reduced ion at m/z  2859.2 as described in
the legend to Fig. 2 was isolated by timed ion selection after ionization using CHCA matrix and the resultant metastable ions characterized by PSD
analysis. The inset shows a zoomed view of the overlapping triplets produced by symmetrical/asymmetrical fragmentation of the disulfide bond.
MH values corresponding to the observed fragment ions are indicated.
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to ionize well when analyzed by MALDI-TOF-MS, a Qq-TOF
mass spectrometer with a MALDI source was used to obtain
fragmentation data. Analysis of the unfractionated peptide
series derived by combined peptic and tryptic cleavage using
the MALDI-Qq-TOF-MS with no collisional fragmentation re-
vealed the presence of the same three-chain peptides as ob-
served by MALDI-TOF-MS (Fig. S7, Supplementary Materi-
als). These three-chain peptide ions also exhibited a tendency
to undergo in-source decay (ISD) fragmentation around both of
the disulfide bonds as evidenced by the presence of 32 m/z
triplet peaks centered around m/z  1049.53 and m/z 
1613.70 (Fig. S7, Supplementary Materials). These triplets,
respectively, represented the common C and B  C chain
products of symmetrical and asymmetrical fragmentation
around either disulfide bond. A number of peptides represent-
ing the corresponding unique A and A  B chain fragments
were also observed. By themselves these data did not provide
any further information on the precise disulfide configuration,
as the same fragment ion masses were expected for either of
the two possible disulfide bond configurations, however, they
did provide still further confirmation of the gross peptide chain
assignment.
Collisional activated decomposition of the three-chain ion at
m/z  2858.25 was performed using MALDI-Qq-TOF-MS/MS,
in an effort to fragment between C9 and C10 on the B-chain.
The resulting mass spectrum was dominated by the four trip-
lets with spacings of 32 m/z centered on m/z  1049.52,
1247.53, 1613.69, and 1811.72, resulting from symmetrical and
asymmetrical fragmentation of the two disulfide bonds, with no
informative peptide bond fragments observed (Fig. 6).
Together the MALDI-TOF-MS, MALDI-Qq-TOF-MS, and
MALDI-Qq-TOF-MS/MS data showed the propensity of the
three-chain peptides to undergo ISD and collisional activated
decomposition fragmentation of the disulfide bonds rather than
at peptide bonds. Thus, the two-chain ISD fragment ions were
selected for further MS/MS fragmentation (ISD-MS/MS). The
ISD fragment ion of m/z  1581.73, representing the smaller
asymmetrical B  C-chain fragment, was susceptible to frag-
mentation around the disulfide bond, as evidenced by an ISD-
MS/MS spectrum showing the appearance of two triplet series
with 32 m/z spacings, centered around m/z  533.30 and
1049.53 (Fig. 7). These series represented B- and C chain
fragments, respectively, produced by symmetrical/asymmetri-
cal fragmentation of the B  C chain disulfide bond, with an
additional series of ions centered around m/z  886.45 repre-
senting C-chain fragments with peptide fragmentation of the
carboxyl-terminal tyrosine residue.
In addition to disulfide fragmentation, a number of ions
representing peptide bond fragmentation were evident. Peaks
at 628.34 and 645.35 represented z and y ions, respectively,
derived from proline directed fragmentation of PPLRY from the
carboxyl terminus of the C-chain. The ion at m/z  422.27
likely represented a C-chain fragment ion SCTL. The peak at
m/z  1425.65 represented c type fragmentation of the carbox-
yl-terminal Arg residue from the B-chain, similarly the ion at
m/z  1396.65 represented y type fragmentation of the amino-
terminal Trp from the B-chain. Most importantly, the peak at
m/z 1356.65 represented a c type ion resulting from fragmen-
tation between the C9 and C10 residue of the B-chain. These
data indicated that C9 was linked to C11 in the C-chain, which
allowed the disulfide linkage of this complex peptide to be
determined as C8/C10, C9/C11.
C7 Is Linked to C12—NS1 was digested with thermolysin in
50% H2
18O at 65 °C and the resultant peptide mixture was
separated by secHPLC. Two peptides were observed by
MALDI-TOF-MS with isotope profiles characteristic of two-
FIG. 4. MALDI-TOF-MS analysis of the disulfide-linked peptic peptide series putatively representing the C8/[C9,C10]/C11 linkage
arrangement. SecHPLC fraction 5 of the peptic digest of NS1 in 50% H2
18O was analyzed by MALDI-TOF-MS using DHAP matrix before (A) and
after (B) reduction with TCEP. Insets show zoomed views of isotope profiles of non-reduced parent and reduced daughter peptide ions. The two
possible disulfide linkage configurations for these peptides are shown, with arrowheads indicating the sites of ragged peptic cleavage that gave rise
to the observed non-reduced peptide ion series. The 2 possible disulfide linkage configurations (C8/C9, C10/C11 or C8/C10, C9/C11) are represented
by a “forked” disulfide bond.
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chain disulfide-linked peptides in two of the fractions collected.
One of these was apparent at m/z  2836.1 in fraction 4 (data
not shown), and the other at m/z  2121.2 in fraction 11 (Fig.
8A). The very late elution time of this second peptide suggests
some interaction with the secHPLC column matrix. The disul-
fide-linked peptide status of these peptides was confirmed by
reduction and MALDI-TOF-MS analysis. The m/z  2836.1
peptide was reduced to two peptides of m/z 1332.2 and 1508.0
(data not shown). Assuming that all cysteines were involved in
interchain and intrachain disulfide bonds, Val295-Ser307 (C8,
calculated MH 1332.61) disulfide-linked to Ile318-Pro330 (C9,
C10, C11, calculated MH 1508.66) would yield a disulfide-
linked peptide of MH 2836.28, in agreement with the ob-
served peptides and in further confirmation of the peptic C8,
C9, C10, C11 data above.
The peptide at m/z  2121.2 disappeared following reduc-
tion, with the concomitant appearance of two peptides of m/z 
1204.9 and 918.9 (Fig. 8B). The isotope profiles of the non-
reduced parent and reduced daughter peptides suggested a
two-chain peptide with 18O incorporation at each carboxyl ter-
minus giving rise to two single-chain peptides with 18O incor-
poration at their carboxyl termini. The most likely assignment
for these data was Phe287-Thr294 (C7, calculated MH 919.34)
linked to Tyr333-Gly342 (C12, calculated MH 1205.46) to give a
disulfide-linked peptide of calculated MH 2121.80. Production
of these fragments was consistent with the expected thermo-
lytic cleavage sites producing half-cystinyl peptides from NS1.
To strengthen the assignment of the m/z  2121.2 peptide as
representing Phe287-Val294 linked to Tyr333-Gly342, the peptide
was subjected to MALDI-PSD (Fig. S8, Supplementary Mate-
rials). Interestingly, the 32 m/z triplets indicating ISD or PSD
of the disulfide bond, which were commonly observed with NS1
peptic peptides, were not observed with this thermolytic pep-
tide. However, asymmetric fragmentation around the disulfide
bond was apparent, with ions observed at m/z 1174 and
1239. A number of PSD fragment ions from both of the peptide
chains were also observed that were consistent with the assign-
ment. In particular the ion at m/z 622 represented the b ion
YRGED derived from the amino terminus of Tyr333-Gly342. Sim-
ilarly, the ions at m/z 2023 and 1860 represented c ions
resulting from fragmentation of Thr and GTT residues, respec-
tively, from the carboxyl terminus of Phe287-Thr294.
C1 Is Linked to C2 (Indirect Observations)—Peptides repre-
senting the linkage of C1 and C2 were not directly observed in
tryptic or thermolytic digests. Initial peptic digests of NS1 in
50% H2
18O resulted in a peptide ion of m/z 2255.5, which was
observed in a number of secHPLC fractions. After reduction,
this peptide ion was observed with an m/z  2257.5. This shift
of m/z  2 is characteristic of reduction of an intrachain disul-
fide linkage, and is consistent with reduction of Asp11-Phe30
(calculated reduced MH 2257.04), containing C1 and C2.
However, with subsequent refinement of the digestion and
secHPLC conditions, this peptide was not observed consistently
in peptic digests that precluded subsequent confirmation of its
identity. The 6-histidine tag at the amino terminus of the
recombinant NS1 used in this study may have caused the
failure to consistently observe C1/C2 peptides. C1 peptides
generated by cleavage events that retain this tag may adhere to
surfaces and be less amenable to ionization by MALDI. This
proposal was supported by the fact that peptides corresponding
to the 6-histidine amino terminus were not observed by
MALDI-TOF-MS analysis of tryptic digests of reduced and
alkylated NS1 (data not shown).
FIG. 5. MALDI-PSD analysis of two putative disulfide-linked C8/[C9,C10]/C11 peptic peptides. The peptide ions at m/z  2510.7 and
2639.7 as described in the legend to Fig. 4 were isolated by timed ion selection after ionization using the CHCA matrix and the resultant metastable
ions were characterized by PSD analysis. A, MALDI-PSD of m/z  2639.73 peptide; B, MALDI-PSD of m/z  2510.74 peptide. Symmetrical/
asymmetrical disulfide bond fragmentation events giving rise to the observed fragment ions are shown. The two possible disulfide linkage
configurations (C8/C9, C10/C11 or C8/C10, C9/C11) are represented by a forked disulfide bond.
Disulfide Bond Arrangement of Dengue Virus NS120736
 at UQ Library on October 11, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
DISCUSSION
The present report represents the first description of the
complete disulfide bond arrangement for a flavivirus NS1 pro-
tein. Several of the disulfide bonds were identified by the fairly
standard procedure of proteolytic cleavage into two-chain pep-
tides followed by mass analysis before and after reduction (34,
36, 43–45) with reconciliation of mass data in terms of possible
fragments from the known sequence of the protein. Support for
the assignments was obtained by use of MALDI-PSD to gener-
ate fragmentation of the disulfide bond (46–48). Some of these
disulfide bonds were previously characterized for the MVE NS1
protein (35). However, attempts to define the complete disul-
fide bond arrangement of MVE NS1 were limited by the ap-
proach used, especially the use of trypsin for proteolysis. Un-
favorable sites for tryptic cleavage in the carboxyl-terminal
half of the protein prevented production of suitable disulfide-
linked peptides from this region. When a similar approach was
attempted in this study with Dengue virus NS1, only one
unequivocal disulfide bond assignment, C3/C4, was made, al-
though the NS1 sequence reasonably suggests that assign-
ments for C1/C2 and C5/C6 were possible by this method.
Examination of the Dengue NS1 sequence indicated that the
observed disulfide linkages of the 6 carboxyl-terminal cysteines
would preclude generation of discrete two-chain disulfide-
linked tryptic peptides (Fig. S8, Supplemental Materials).
Tryptic digestion would instead be expected to produce a large
multichain disulfide-linked peptide containing all 6 carboxyl-
terminal cysteines, which would not yield disulfide linkage
information (49) by simple reduction analysis.
Pepsin has a lower sequence specificity than trypsin, with
cleavage likely on the amino side of Leu, Asp, Glu, Phe, Trp,
and Tyr residues, with other cleavages also possible. The se-
quence of Dengue NS1 contains a large number of potential
cleavage sites for pepsin, and pepsin digestion indeed yielded
disulfide-linked peptides from the protein carboxyl terminus.
he lower specificity of pepsin resulted in a complex mixture of
NS1 peptides, which were partially resolved by secHPLC into
size related fractions. Peptides related by “ragged” peptic cleav-
age of the same sequence co-eluted, and the mass differences
evident by MALDI-TOF-MS constituted sequence tags that
aided identification. This was exemplified in the case of the
C8/[C9,C10]/C11 peptide series observed in secHPLC fraction
5, where the mass differences observed between these peptides
represented an ETVV sequence tag that localized one of the
peptide chains to 295VVTEDC9GNRGPSL
308. Additionally, the
elution of these peptides in a later secHPLC fraction than
expected for their mass suggested that the peptides were in a
highly compact form because of disulfide linkages. These pep-
tides could not be further separated by capHPLC because of
their very similar hydrophobicities, however, individual pep-
tide ions were readily selected from mixtures by ion gating for
MALDI-PSD and MALDI-Qq-TOF-MS/MS.
By performing the peptic digestions of NS1 in 50% H2
18O,
two-chain peptides incorporated 18O into both termini in a way
that allowed them to be identified/characterized as disulfide-
linked peptides. For example, C5/C6 and C8/[C9/C10]/C11 pep-
tides produced by peptic digestion of NS1 in 50% H2
18O exhib-
ited isotope profiles that differentiated them from single chain
peptides of similar mass (36, 37). The disulfide-linked peptide
status of these peptides was confirmed by reduction and ISD/
FIG. 6. MALDI-Qq-TOF-MS/MS analysis of the three-chain disulfide-linked C8/[C9,C10]/C11 peptide produced by successive
cleavage with pepsin and trypsin. The three-chain peptide ion at m/z  2858.2 as detailed in Fig. S6 (Supplementary Materials) was analyzed
by MALDI-Qq-TOF-MS/MS using the CHCA matrix. Insets show zoomed views of the isotope patterns and the chain compositions and calculated
MH values of the parent peptide and symmetrical disulfide cleavage products. The two possible disulfide linkage configurations (C8/C9, C10/C11
or C8/C10, C9/C11) are represented by a forked disulfide bond.
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collisional activated decomposition fragmentation of the disul-
fide bonds. However, determination of the precise disulfide
bond configuration of the C8/[C9/C10]/C11 disulfide-linked
peptide required fragmentation between the adjacent C9 and
C10 residues. Analysis of disulfide-linked peptides containing
adjacent cysteine residues represents a particular challenge,
because the peptide bond between the residues is not readily
amenable to enzymatic cleavage. Methods have been described
that use partial reduction and cyanylation to facilitate basic
cleavage between adjacent cysteines (50), and Edman sequenc-
ing also offers the potential to examine the linkages of adjacent
cysteines (51). However, both techniques rely on obtaining
sufficient peptide to provide meaningful data after the multiple
reaction steps involved. We instead chose to exploit the sensi-
tivity and peptide fragmentation ability of MS to attempt frag-
mentation of the adjacent cysteine residues of the C8/[C9,C10]/
C11 peptide.
Failure to observe significant peptide bond fragmentation of
the initially isolated C8/[C9,C10]/C11 peptide by MALDI-PSD
was because of the extreme lability of the interchain disulfide
bond (Fig. 5). This may have been because of the restriction of
cleavage of the peptide backbone between C9 and C11 because
of its location in a disulfide loop in the two-chain peptide (51),
which directed cleavage to the interchain disulfide bond by
PSD. However, the selective lability of the disulfide linkages to
fragmentation was still observed even when the two-chain pep-
tic peptide had been converted to a three-chain peptide by
tryptic cleavage. The interchain disulfide bonds of the result-
ant three-chain peptide were extremely labile to ISD. Selective
lability of disulfide bonds to ISD and PSD has been observed
previously (46–48, 50) although not universally. We were able
to exploit this phenomenon with MALDI-Qq-TOF-MS/MS by
using ISD to generate a two-chain fragment containing
[C9,C10]/C11, and then affecting further MS/MS fragmenta-
tion between the adjacent C9/C10 residues of this ISD frag-
ment. ISD-MS/MS fragment ions were observed that were con-
sistent with linkage of C9 to C11, demonstrating the linkage of
C9/C11 and C8/C10.
In addition to detection of disulfide-linked peptides by al-
tered isotope profiles, 18O labeling may also facilitate detailed
analysis of complex intra- and interchain disulfide-linked pep-
tides by providing information on the number of 18O-incorpo-
rated termini of peptide fragment ions produced by MS/MS.
This is supported by previous MS/MS studies in our laboratory
where 18O isotope labeling aided the detailed analysis of a
cystine noose peptide from the central subdomain of respira-
tory syncitial virus G protein (37). Although isotope profiles of
unfragmented peptides analyzed by MALDI-TOF-MS and
MALDI-Qq-TOF-MS were reliable indicators of 18O incorpora-
tion and disulfide linkage status in the present study, 18O
labeling did not facilitate interpretation of complex fragmenta-
tion protocols. Peptide ions resulting from fragmentation of the
disulfide bond as observed in MALDI-Qq-TOF-MS and MALDI-
Qq-TOF-ISD-MS/MS exhibited isotope profiles that were dis-
torted to the extent that they could not always be used to
reliably confirm their 18O content (data not shown). In these
cases it was apparent that processes additional to 18O incorpo-
ration were contributing to the change in isotope profile. The
FIG. 7. MALDI-Qq-TOF-MS/MS of the two-chain [C9,C10]/C11 ISD fragment ion derived from the C8/[C9,C10]/C11 peptide pro-
duced by combined peptic and tryptic cleavage. The asymmetrical two-chain MALDI-Qq-TOF-MS ISD fragment ion of m/z  1581.73,
common to all C8/[C9,C10]/C11 peptic plus tryptic fragments (Fig. S7, Supplementary Materials) was selected as a parent ion for MS/MS.
Symmetrical/asymmetrical disulfide cleavage events and the corresponding fragment ions are indicated. Additional fragmentation events
corresponding to observed ions are also indicated. Ions corresponding to fragmentation of the peptide backbone are also indicated. Ions marked
with an (i) represent internal cleavage events, see text for details.
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incompletely understood mechanisms involved in the symmet-
rical and asymmetrical dissociation of disulfide bonds by ISD,
PSD, and collisional activated decomposition can potentially
result in populations of disulfide fragment ions with differing
numbers of protons and hence an altered isotope profile. Dis-
ulfide-linked peptides may dissociate via protonation and re-
duction of the disulfide bond (47, 48, 53), or via electron capture
dissociation of already protonated peptides (52, 53), or in the
case of the MALDI-Qq-TOF instrument in this study, a combi-
nation of both mechanisms. This resulted in the isotope pat-
terns of disulfide fragment ions being altered by both 18O
incorporation and differential protonation. The multiple pep-
tide ion gating mechanisms required to produce MALDI-Qq-
TOF-ISD-MS/MS data from parent ions with broad isotope
profiles produced by 18O labeling may have also contributed to
distortion of the expected isotope profile. While this phenome-
non represents a potential limitation of isotope profile analysis
of peptide fragments produced by fragmentation of the disul-
fide bond by ISD and ISD-MS/MS, it proved to be no impedi-
ment to the ultimate analysis of the C8/[C9,C10]/C11 peptide.
The high degree of sequence homology and conservation of
the 12 cysteine residues of flavivirus NS1 proteins strongly
FIG. 8. MALDI-TOF-MS analysis of a disulfide-linked thermolytic peptide corresponding to a C7/C12 linkage. The secHPLC fraction
11 of the thermolytic digest of NS1 in 50% H2
18O was analyzed by MALDI-TOF-MS using DHAP matrix before (A) and after (B) reduction with
TCEP. Insets show zoomed views of the isotope patterns of the non-reduced parent ion and reduced daughter peptide ions. Regularly spaced peaks
marked with an asterisk represent polymer contaminants.
FIG. 9. Amino acid sequence and the disulfide-linkage arrangement of the Dengue virus 2 NS1 protein. Disulfide linkages of the 12
cysteines of NS1 are indicated with dotted lines. N-Linked glycosylation sites are underlined. The amino-terminal 6-histidine tag is presented in
italics.
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suggests that they have a common disulfide bond arrangement.
The previous assignment of the MVE NS1 amino-terminal
disulfide linkages of C1/C2, C3/C4, and C5/C6 was confirmed
by this study. The direct observation of C3/C4 and C5/C6 link-
ages in Dengue NS1 implied the C1/C2 linkage, even though
this was only tentatively observed. Similarly, the direct obser-
vation of C8/[C9,C10]/C11 linkages in pepsin, 50% H2
18O di-
gests strongly implied the linkage of C7/C12 even though dis-
ulfide-linked peptides representing this linkage were not
observed in peptic digests. To confirm this implied linkage NS1
was digested with thermolysin in 50% H2
18O. Analysis of the
NS1 sequence suggested favorable sites for thermolytic cleav-
age flanking C7 and C12. Although thermolysin has an alka-
line pH optimum, the potential for alkaline pH-mediated disul-
fide exchange (36, 37, 54) was minimized by the fact that the 12
NS1 cysteines were all involved in disulfide linkages, with no
free cysteine residues to initiate exchange. Furthermore, ther-
molysin cleaves at the amino side of its target residues (Leu,
Ile, Phe, Trp, Tyr, Val, Pro, and others). Enzymes such as
trypsin that cleave on the carboxyl side of target residues can
undergo multiple cycles of acyl-enzyme formation with the
carboxyl terminus of peptides, and subsequent hydrolytic
deacylation (36, 37, 55). In the presence of 50% H2
18O this can
result in additional 18O incorporation events and generate false
positive single-chain peptides with 18O profiles indicative of
more than one 18O incorporation. Last, thermolytic digests
were carried out at 65 °C, at which the NS1 structure was
potentially unfolded, with a concomitant increase in the acces-
sibility of the enzyme to previously highly folded regions of the
protein. The C7/C12 peptide was identified in thermolytic di-
gests of NS1 by the 18O profile, and confirmed by reduction and
MALDI-PSD.
Determination of the complete disulfide linkage arrange-
ment of Dengue virus NS1 has a number of implications. Be-
cause disulfide linkages within NS1 monomers have been
shown to be important to non-covalent dimerization of NS1
(21), the fact that the recombinant NS1 used in this study
formed stable non-covalent dimers, which themselves associ-
ated as NS1 hexamers (Fig. S1, A and B, Supplementary Ma-
terials), indicated that it was folded correctly and stabilized by
disulfide bonds analogous to those of the native Dengue virus
NS1. This assumption is re-enforced by the observation that all
members of an extensive panel of monoclonal antibodies spe-
cific for native NS1 (38) were reactive for this recombinant
species (Fig. S1C, Supplementary Materials). Furthermore, the
observation of complex glycosylation (Fig. 1) at the first NS1
glycosylation site indicated that the recombinant NS1 was
secreted via the Golgi and subject to post-translational glycan
processing analogous to the secreted native form (14, 20). Ex-
perimental determination of disulfide bonds can be used as
indicators of potential protein folds (33). Thus the disulfide
bonds of NS1 may be used to confirm and refine molecular
models of this protein. The disulfide bond assignments of Den-
gue virus NS1 may be complemented with secondary structure
calculations and epitope mapping studies (56) to develop such a
model.
The complete determination of the disulfide bond arrange-
ment of Dengue virus NS1 required separate proteolysis with
trypsin, pepsin, and thermolysin, and analysis of the resultant
disulfide-linked peptides with various combinations of TCEP
reduction, MALDI-TOF-MS, MALDI-PSD, and MALDI-Qq-
TOF-MS/MS. The process was greatly facilitated by the use of
18O labeling to identify and characterize disulfide-linked pep-
tides from complex peptide mixtures. Given the identical role
played by NS1 proteins in the flavivirus life cycle, and the fact
that the disulfide bond arrangements of the amino-terminal
half of MVE and Dengue virus NS1 were shown to be identical,
the disulfide linkage C1/C2, C3/C4, C5/C6, C7/C12, C8/C10,
and C9/C11 (Fig. 9) determined for Dengue virus NS1 is likely
to apply to all flavivirus NS1 proteins. These proteins are also
likely to share a similar tertiary structure. The validity of this
hypothesis awaits experimental determination of the complete
disulfide bond configuration of other flavivirus NS1 proteins,
and the three-dimensional structure of a representative NS1
protein.
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